ABSTRACT. GM1 gangliosidosis is one of the inherited metabolic lysosomal storage disorders characterized by neurological symptoms caused by β-galactosidase deficiency and consequent accumulation of GM1 ganglioside in neuronal cells. Shiba dogs affected with GM1 gangliosidosis have been found to suffer from corneal opacity. In our morphological analysis, keratocyte enlargement was induced by abnormal intracellular accumulation of neutral carbohydrates, resulting in the loss of normal arrangement of collagen fibrils in the opaque cornea was found to be associated with the disorder. We therefore conclude that corneal opacity in this Shiba dog with GM1 gangliosidosis may be caused by neutral carbohydrate accumulation in lysosomes, swelling and dysfunction of keratocytes, and subsequent irregular arrangement of collagen fibrils in the corneal proper substance.
In normal cells, the lysosome contains more than 60 kinds of acid hydrolases responsible for catabolism of various complex carbohydrates and complex lipids. Deficiency in these enzymes results in the excessive storage of their substrates, leading to the so-called lysosomal storage disorder characterized by progressive cell damage and organ dysfunction. The disorder has been described in various species; including dogs, cats, cattle, goats, sheep, mice, and humans [1-7, 11, 20, 29, 30] . Depending on the type of excessively accumulated substrates, the disorder can be subclassified as sphingolipidosis, mucopolysaccharidosis, glycoprotein degrading disorders, and mucolipidosis among others. GM1 gangliosidosis is a type of sphingolipidosis typcally characterized by excessive GM1 ganglioside accumulation in the lysosome of various cells and tissues. This is due to the lack of β-galactosidase responsible for catabolizing GM1 ganglioside to GM2 ganglioside in the sphingolipid metabolic pathway [15, 22] . Deficiency in β-galactosidase arises from mutations of the GLB1 gene [28] . The excessive storage of GM1 ganglioside causes retention of complex carbohydrates with a β-galactose terminal leading to the systemic pathological conditions of GM1 gangliosidosis, particularly in cells and tissues of the central nervous system. These complex carbohydrates in cells and tissues can be specifically detected by established methods for carbohydrate histochemical analyses described in various reports [13, [23] [24] [25] [26] [27] . Typical GM1 gangliosidosis manifests cellular swelling and distension, functional impairment, and neurological signs including tremor and ataxic paralysis. In Shiba dogs, the onset of the disorder occurs at 5-6 months of age. Besides these clinical manifestations, affected dogs at about 10 months also develop corneal opacity, which is rarely observed in other breeds, and eventually die at about 15 months [29] . To further clarify the pathogenesis of the disorder, this work focused on the histological and carbohydrate histochemical analyses of the opaque cornea of a Shiba dog with GM1 gangliosidosis.
MATERIALS AND METHODS
The study protocol for the use of experimental animals was approved by the Ethics Committee of Hokkaido University, Sapporo, Japan (the previous institution of Osamu Yamato) . In this experiment, a 13-month-old Shiba dog with GM1 gangliosidosis showing the symptom of corneal opacity was used [29] . The affected dog was born in 2002 and belonged to the family pedigree of Shiba dogs [30] . The dog was diagnosed based on clinical signs and the results of enzyme [21] and DNA mutation [28] assays. In addition, an adult beagle with normal ocular and physical health was used as a control. The eyes of these dogs were examined clinically by slit-lamp examination and direct ophthalmoscopy to determine the patterns of corneal opacity. The dogs were euthanized by an appropriate dose of thiopental sodium (Ravonal, Tanabe Seiyaku Co., Ltd., Osaka, Japan) and corneal samples were immediately collected. Affected corneal samples were selected in the area showing opacity.
At room temperature, the corneal samples (1 × 1 × 1 mm in dimension) were fixed in 3.0% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hr, post-fixed in 1.0% osmium tetroxide in 0.1 M phosphate buffer for 1 hr, washed with distilled water, dehydrated in a graded ethanol series, and embedded in Quetol 812 (Nissin EM, Tokyo, Japan). Semithin sections were stained with 2% toluidine blue and examined by light microscopy. Histological examinations of all corneal layers and their keratocyte population were performed and the number of keratocytes per 0.01 mm 2 was calculated to determine keratocyte density (cells/0.01 mm 2 ). Ultrathin sections were stained with 1.0% uranyl acetate and 1.0% lead citrate, and examined using a transmission electron microscope (TEM; JEM-1220; JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV. From the randomly selected TEM photographs of each sample, the structure of keratocytes, the ratio of intracellular vesicles to the whole cytoplasmic area of each keratocyte, and 900 fibrils for the measurement of collagen fibril parameters were examined. The average intracellular vesicle ratio and collagen fibril diameter were calculated. For carbohydrate histochemistry, semithin and ultrathin sections were stained with a solution of periodic acid (PA) and diamine with high (HID) or low iron concentration (LID) at room temperature for 60 min, and then washed in distilled water for 10-15 min. At room temperature, the sections were incubated in 0.2% thiocarbohydrazide (TCH, Eastman Kodak, U.S.A.) in 20% acetic acid for 60 min, rinsed in distilled water for 10-15 min, immersed in a 0.5% aqueous solution of silver protein (SP, Merck, Germany) in a dark box for 60 min, and washed in distilled water for 10-15 min. The sections were developed at 20°C in the dark box for 12-15 min, washed in distilled water for 10-15 min, treated with physical developer (PD) for 5-10 seconds, and then rinsed in distilled water for 10-15 min (PA-TCH-SP-PD for neutral carbohydrates; HID-TCH-SP-PD for sulfated carbohydrates; LID-TCH-SP-PD for carboxylated carbohydrates). Staining with uranyl acetate and lead citrate was not performed. Then, intracellular neutral and acidic carbohydrates of keratocytes were observed by light and transmission electron microscopies.
Student's t-test was used for data analysis. P<0.05 was considered statistically significant.
RESULTS
Clinical observation revealed irregularly circular or ringshaped patterns of corneal opacity and different opacity shapes on the sides in the Shiba dog with GM1 gangliosidosis (Fig. 1a, b) . By slit-lamp examination, opacity was observed only in the anterior corneal proper substance (Fig.  1c, d) .
Morphologically, the anterior and posterior epithelial layers of the cornea in the affected and control dogs showed no difference, except for the morphological changes observed only in the corneal proper substance. The arrangement of collagen fibrils in the corneal proper substance of the affected dog was less organized (Fig. 2a) than that of the control dog, which showed a more regular pattern (Fig. 2b) . In the control dog, the keratocytes were morphologically flat and slender with strongly stained cytoplasm. These cells were located between regularly arranged collagen fibril lamellae (Fig. 2d) . In the affected dog, swollen keratocytes with vesicular cytoplasm were found between disarranged fibril lamellae (Fig. 2c) . The cytoplasmic vesicles were membranous with various sizes and contained fine electrondense particles (Fig. 3a) . Lamellated structures were also found in some of these vesicles (Fig. 3b) . Since some differ- ences in carbohydrate contents of these vesicles were assumed, three different histochemical stainings were carried out. A positive reaction was found only for neutral carbohydrates, but not for acidic carbohydrates (Fig. 4) . Keratocyte density in three different regions (upper, middle, and lower) of the cornea was found to vary only in the affected dog. The keratocyte densities of the affected dog vs the control dog in the upper, middle, and lower regions were 24.8 ± 4.6 vs 11.8 ± 1.5, 15.8 ± 1.5 vs 10.9 ± 1.5, and 17.4 ± 4.7 vs 10.2 ± 0.5 cells/0.01 mm 2 , respectively. Keratocyte densities in all the regions of the affected dog were significantly different from those of the control dog (P<0.05), particularly in the upper region (Fig. 5) . The average diameter of a collagen fibril in all the regions of the affected dog (26.3 ± 2.8 nm) was significantly smaller than that of the control dog (28.3 ± 2.8 nm) (P <0.05; Fig. 6 ).
DISCUSSION
In the present study, corneal opacity was found in the Shiba dog and the affected area was limited to the anterior corneal proper substance. However, since other inherited metabolic diseases, such as Hurler syndrome (a subtype of mucopolysaccharidosis) and Fabry disease (a type of sphingolipidosis), also produce different opacity patterns [9, 10, 14, 16, 19] , the shape of the opaque lesion might not be type-specific. Variations in corneal opacity patterns might be due to site of localization and intensity of the affected area.
Histologically, the canine cornea is composed of four consecutive layers: anterior epithelium, proper substance, Descemet's membrane, and posterior epithelium [18] . Among these layers, the proper substance constitutes about 90% of the entire cornea in terms of thickness. The corneal proper substance of the control dog was formed by stacks of regularly arranged collagenous lamellae interspersed with many flat and elongated keratocytes. It has been shown that corneal transparency is generally maintained by the regular interfibrillar spacing of collagen fibrils with characteristic uniform diameter [17] . Therefore, abnormalities within the proper substance might contribute to the reduction of transparency. Specifically, the causes of an adverse condition are the following: edema, abnormalities in diameter and arrangement of collagen fibrils similarly found in scar and fibrotic tissues, abnormal accumulation of macromolecules (proteins, glycosaminoglycans, lipids, etc.) similarly found in corneal dystrophy, and abnormal light reflectivity of keratocytes [12] . In the present study, the presence of a corneal opaque ring restricted in the anterior corneal proper substance correlated well with high keratocyte density. Thus, this correlation indicates that abnormalities in keratocyte density implicate the formation of this condition. GM1 gangliosidosis is characterized by accumulation of complex carbohydrates in neuronal cells together with cellular swelling and distention [29] . It is well known that keratocytes in other inherited metabolic diseases such as mucopolysaccharidosis accumulate acidic carbohydrates in the form of glycosaminoglycans in their lysosomes [10, 19] . However, the keratocytes of the Shiba dog in the present study accumulated only neutral carbohydrates in their vesicles. The lamellated structure observed in some intracellular vesicles could indicate an aged lysosome or residual body [8] . The increase in the number of vesicles can induce swelling and disturb the cellular function involved in fibril production as well as the arrangement of surrounding collagen fibrils. Normally, the collagen fibril population of the corneal proper substance is synthesized by keratocytes. However, since the fibrils observed in the affected dog were thinner than those observed in the control dog, we assume that differences in the metabolic function of keratocytes affect normal fibril production. Moreover, these attenuated fibrils are more sensitive to the compressive effects of swollen keratocytes and are thus easily disarranged. Corneal opacity is observed in human GM1 gangliosidosis, particularly in the infantile type of this disease [15, 22] . The cause of the corneal opacity in human GM1 gangliosidosis might be the same as that in canine GM1 gangliosidosis because the canine disease closely resembles the human disease genetically, clinically, biochemically and pathologically [22, 29] .
In conclusion, the corneal opacity in the Shiba dog with GM1 gangliosidosis in the present study is likely to be the sequel of abnormal accumulation of neutral carbohydrates in the lysosomes of corneal keratocytes. This accumulation induces keratocyte dysfunction and swelling finally resulting in the irregular arrangement of collagen fibrils in the corneal proper substance.
